Twenty-five strains resembling 'Streptococcus milleri ' were compared by DNA-DNA hybridization, by whole-cell-derived polypeptide patterns on SDS-PAGE, and by biochemical tests. Four homology groups were revealed by DNA-DNA hybridization. DNA homology groups 1,2 and 3 were closely related and contained the type strains NCDO 2226 (Streptococcus constellatus), NCDO 2227 (Streptococcus intermedius) and NCTC 107 13 (Streptococcus anginosus), respectively. DNA homology group 4 consisted of four strains received as variants of Streptococcus intermedius which were found not to be closely related to strains in groups 1-3. The data from SDS-PAGE polypeptide patterns and biochemical tests supported the recognition of three centres of variation within the 'Streptococcus milleri group' corresponding to DNA homology groups 1-3 and indicated that strains of DNA homology group 4 are members of an as yet undescribed species within the viridans streptococci.
INTRODUCTION
'Streptococcus milleri' is the name frequently used for a group of streptococci that form part of the normal flora of the human mouth and upper respiratory, intestinal and urinogenital tracts (Attebury et al., 1972; Mejwe & Edwardsson, 1975; Poole & Wilson, 1979; Ruoff & Kunz, 1982) . In recent years these bacteria have increasingly been recognized as having clinical importance, particularly by their association with abscesses and other purulent infections (Parker & Ball, 1976; Ball & Parker, 1979; Poole & Wilson, 1979; Shlaes et al., 1981 ; Gossling, 1988) . Despite the accumulated evidence for the pathogenicity of these bacteria (see Gossling, 1988 , for a review of the literature) there is still disagreement about the taxonomy and nomenclature of the ' S . milleri group' (Hardie, 1986) .
The name 'Streptococcus milleri' was first proposed by Guthof (1956) for a group of nonhaemolytic streptococci isolated from abscesses of the oral cavity that grew on 40% bile agar and at 45 "C, hydrolysed aesculin and arginine but did not produce acid from mannitol or sorbitol. On the basis of cell wall analysis, numerical taxonomy and DNA transformation studies, Colman & Williams (1972) broadened the description to include those previously reported nonhaemolytic streptococci isolated from the human respiratory tract and called 'Streptococcus MG ' (Mirick et al., 1944) , the haemolytic and non-haemolytic streptococci possessing the so-called type antigens of Lancefield group F (Ottens & Winkler, 1962) and the minute-colony-forming streptococci of Lancefield groups F and G (Long & Bliss, 1934; Bliss, 1937) . Subsequently, Facklam (1977) reported a high degree of similarity between 'Streptococcus MG' (Mirick et al., 1944) ' Streptococcus intermedius (Holdeman & Moore, 1974) , Streptococcus anginosus (Andrewes & Horder, 1906; Deibel & Seeley, 1974) and Streptococcus constellatus (Holdeman & Moore, 1974) . Facklam (1 977) chose to divide these non-haemolytic, 'milleri-like' streptococci into two groups on the basis of lactose fermentation, namely 'Streptococcus MG-intermedius ' (lactose fermenters) and 'Streptococcus anginosus-constellatus' (lactose non-fermenters). In an attempt to clarify the situation in which different names were used in Europe and the United States, it was suggested that P-haemolytic strains (whether or not they possessed Lancefield group antigens), 
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be called Streptococcus anginosus, while non-P-haemolytic strains be divided into Streptococcus intermedius (lactose fermenters) and Streptococcus constellatus (lactose non-fermenters) (Facklam, 1984 (Facklam, ,1985 . Despite the differences in nomenclature, several taxonomic studies have demonstrated a high degree of phenotypic similarity and a close relationship between strains resembling 'S. milleri' (Mejare, 1975 ; Lutticken et al., 1978 ; Labbe et al., 1985 ; Coykendall et al., 1987; French et al., 1989) . However, heterogeneity within the 'Streptococcus milleri group' has been reported on the basis of several different criteria that include fermentation patterns (Poole & Wilson, 1979; Ruoff & Kunz, 1982; Drucker & Lee, 1981) , long-chain fatty acid analysis (Drucker & Lee, 1981 ; Cookson et al., 1989) , DNA base composition determinations (mol% G + C) (Drucker & Lee, 1983) , antigenic composition (Colman & Williams, 1972; Lutticken et al., 1978; Yakushiji et al., 1988) and multilocus enzyme electrophoresis (Gilmour et al., 1987) .
Evidence from DNA-DNA hybridization studies has been somewhat contradictory. Some authors have concluded that strains resembling 'S. milleri' should be included within a single homology group (Welborn et al., 1983; Farrow & Collins, 1984; Ezaki et al., 1986; Coykendall et al., 1987) whereas others have demonstrated the presence of more than one DNA homology group (Kilpper-Balz et al., 1984; Knight & Shlaes, 1988) . Coykendall et al. (1987) proposed that strains variously described as 'S. milleri', S. constellatus and S . intermedius be included within a single species, S . anginosus. Subsequently, however, strains identified as S. intermedius were observed to fall into three DNA homology groups (Knight & Shlaes, 1988) . In addition, a preliminary DNA-DNA hybridization experiment in our own laboratory indicated that the type strains of S . anginosus, S. constellatus and S. intermedius belonged to separate homology groups (Whiley, 1987) .
In view of the continued confusion surrounding the taxonomy of strains resembling ' S . milleri', we decided to carry out extensive DNA-DNA hybridization experiments together with phenotypic characterization on a representative collection of clinical and reference strains, in an effort to clarify the taxonomic structure of the 'Streptococcus milleri group'.
METHODS
Bacterial strains and growth conditions. The strains and their sources are given in Table 1 . Unless otherwise stated, incubation was at 37 "C in an anaerobic atmosphere of H2/C02/N2 (20: 10:70, by vol.). For DNA preparation, strains were cultivated in 2 or 3 litres of Streptococcus Sugar Base broth (SSB), containing 2% (w/v) protease peptone (Oxoid), 0.5% (w/v) yeast extract (Difco), 0.5% (w/v) NaCl, 0.1 % (w/v) Na2HP04, pH 7.6, supplemented with 0.5% (w/v) glucose and 0.25% (w/v) NaHC03. Cells were harvested in the late exponential phase by centrifugation.
Preparation of DNA. DNA was isolated and purified from approximately 3 g (wet weight) of cells by the method of Garvie (1976) . Radioactive DNA was labelled with deoxy[ 1',2',5-3H]cytidine triphosphate (Amersham) by nick-translation using a commercial kit (Amersham).
DNA base composition determinations. The thermal denaturation method of Marmur & Doty (1962) was used to determine the guanine (G) plus cytosine (C) content (mol% G + C) of the DNA. Determinations were performed in duplicate in standard saline citrate (SSC: 0.15 M-NaC1 plus 0-015 M-trisodium citrate, pH 7.0) as described previously (Beighton et al., 1984) . The mol% G + C was calculated after Owen & Hill (1979) using the following equation: mol% G + C = 50.9 +2-44(Td -TmR where T , , is the melting temperature of DNA from the test strain and TmR is the melting temperature of DNA from Escherichia coli strain NCTC 9001. DNA-DNA hybridizations. These were done using the S1-nuclease method of Crosa et al. (1973) as modified by Shah et al. (1982) . Hybridizations were performed, in triplicate, in 300 pl 0.42 M-NaCl containing sheared, denatured, unlabelled DNA (30 pg) and sheared, denatured, labelled DNA (0.02 pg). Experiments were done under optimum (60 "C) and stringent (75 "C) conditions for 90 h to obtain a Cot value of 100 (Britten & Kohne, 1968) . After incubation, hybridization mixtures were cooled in an ice bath and treated with 540 p1 icecold Slnuclease buffer (0.4 ~M -Z~S O , , 0.1 5 M-NaCl, 0.03 M-sodium acetate, pH 4.8) containing 30 pg sheared denatured calf thymus DNA ml-l and 20 units S1-nuclease (Boehringer). The mixtures were incubated at 50 "C for 30 min before the addition of 250 p1 ice-cold 25% (w/v) trichloracetic acid. The S1-nuclease-treated duplexes were trapped on glass-fibre filters (Whatman GF/F) and washed with 3 vols ice-cold 5% (w/v) trichloracetic acid. The filters were dried and their radioactivity measured by scintillation counting. Controls included a homologous reassociation as a positive (100%) control and calf thymus DNA as a negative (0%) control. For each test DNA the degree of sequence homology was expressed as a percentage of the homologous control after correction for selfreassociation in the negative control.
Biochemical tests. Acid production from carbohydrates, etc. (arabinose, amygdalin, cellobiose, glucose, glycerol, inulin, lactose, mannitol, melibiose, raffinose, salicin, sorbitol and trehalose) was tested for in microtitre trays by the method of Beighton et al. (1981) . The ability to produce acetoin (VP test) was determined as described by Cowan (1974) . Aesculin hydrolysis and the production of ammonia from arginine were tested according to Bisset & Davis (1960) ; the production of ammonia from arginine was detected by the addition of Nessler's reagent. Starch hydrolysis was tested on brain heart infusion medium (Difco) supplemented with 0.2% (w/v) soluble starch and
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1.2% (w/v) agar (Oxoid no. 1). After 5 d incubation, plates were flooded with Lugol's iodine; the hydrolysis of starch was indicated by the appearance of clear zones around the colonies. Hydrogen peroxide production was tested for by the method of Whittenbury (1964) as described previously (Whilzy & Hardie, 1988) , with strains incubated in 10% CO,-in-air at 37 "C for 4 d. Hydrogen peroxide production was detected when the surrounding medium became dark brown or black.
A P I 20 STREP. All test strains were examined using the API 20 STREP rapid identification kit according to the manufacturer's instructions.
Haemolysis. Strains were streaked onto blood agar plates containing blood agar base (40 g 1-l; Oxoid) plus 5% (v/v) defibrinated horse blood (Gibco) and incubated for 48 h anaerobically before the type of haemolysis produced (a, fl or y) was recorded.
Hyaluronidaseproduction. This was tested for by the rapid plate method of Smith & Willet (1968) . To a basal medium consisting of brain heart infusion and 1 % (w/v) agar (Oxoid no. 1) were added filter-sterilized, aqueous solutions of hyaluronic acid (4 mg ml-l; Sigma, grade 111-S) and 5% (v/v) bovine serum albumin fraction V (Sigma) to final concentrations of 400 yg ml-l and 1 % (w/v) respectively. Plates were poured (3-4 mm depth) and strains were inoculated onto the agar surface in discrete spots. Incubation was carried out for 48 h under anaerobic conditions. After incubation the plates were flooded with 2 M-acetic acid for 10min. Strains producing hyaluronidase were identified by the appearance of a clear zone around the growth.
Comparison of strains by SDS-PAGE. Whole-cell-derived polypeptide patterns were obtained by SDS-PAGE, done in both 7% and 12% (w/v) polyacrylamide slab gels using the discontinuous buffer system of Laemmli (1970) . Approximately 60 yg of sample protein from each strain, prepared as described previously (Whiley et al., 1982) , was loaded into each well. After electrophoresis was completed the polypeptide patterns were visualized by staining with Coomassie Brilliant Blue-R (Sigma).
RESULTS
DNA studies
The mol% G + C contents of the test strains and the results of the DNA-DNA hybridization experiments are shown in Table 2 The 25 strains resembling 'S. rnilleri' fell into four DNA homology groups (1-4), with members within a group exhibiting a high degree of base sequence homology under both optimum and stringent hybridization conditions. A higher degree of intergroup relatedness was observed between groups 1,2 and 3 than was seen between any of these groups and homology group 4. In most cases the latter group showed <30% homology with the other groups under optimum conditions. Homology group 1 (mol% G + C 36.7-38-5) contained reference strains of S. constellatus (NCDO 2226), Lancefield group F (NCTC 5389 and NCTC 10714) and 'S. milleri' (NCTC 11063), together with 'S. milleri' strain AM 699, isolated from dental plaque. Homology group 2 (mol% G + C 37.2-38.5) included the reference strain of S. intermedius (NCDO 2227) together with three strains isolated from brain abscesses: 'S. milleri' NMH 2 and UNS 35, and S. intermedius 415-87. Homology group 3 (mol% G + C 38.1-39.5) contained the type strain of S . anginosus (NCTC 1071 3), reference strains of 'Streptococcus MG' (NCTC 8037, ATCC 9895) and 'S. milleri' (NCTC 11062) together with strains designated as 'S. milleri' and S . intermedius that had been isolated from dental plaque, wound swabs, blood, an axillary abscess and urine. Homology group 4 (mol% G + C 41.5-42.7) consisted of the four variant strains of S. intermedius obtained from Dr R. Facklam of the CDC, Atlanta, Georgia, USA, that had been isolated from blood cultures and human throats.
Biochemical characteristics
The biochemical test results for the strains are shown in Table 3 . All 25 test strains produced acid from glucose but none was able to ferment arabinose, glycerol or inulin. Virtually all strains failed to ferment mannitol or sorbitol. Most strains produced acetoin, hydrolysed arginine and fermented salicin and trehalose but failed to ferment melibiose or raffinose. Strains comprising DNA homology group 1 were characterized by not fermenting lactose or amygdalin, in not producing hydrogen peroxide and in being mainly P-haemolytic. Most strains in homology Taxonomy of' 'Streptococcus milleri group' 2627 Table 2 . DNA homologies of strains resembling 'S. milleri' using optimum (60 "C) and stringent (7.5 "C) hybridization conditions group 1, with the exception of strain AM 699, were assigned to 'S. milleri' biotype I in the API 20 STREP rapid identification system. Members of homology group 1 were either serologically ungroupable or belonged to Lancefield group F and were further characterized by the production of hyaluronidase.
Strains of homology group 2 differed from those of group 1 by fermenting lactose and usually cellobiose and in being weakly haemolytic (a) or non-haemolytic (y). All strains were assigned to 'S. milleri' biotype I1 in the API 20 STREP rapid identification system. As with homology group 1, hyaluronidase was produced by all members of this group. No Lancefield serological groups were represented in homology group 2. 
miller?
All strains produced acid from glucose. No strain produced acid from arabinose, inulin or glycerol. Abbreviations : amygdalin (amygd) ; cellobiose (cello); mannitol (mann); melibiose (melib); rathose (raff ); salicin (sal); sorbitol (sorb); trehalose (treh); arginine (arg); aesculin (aesc); hyaluronidase (hyal). Strains of homology group 3 were characterized by their ability to ferment amygdalin and lactose and by the frequent fermentation of cellobiose and production of hydrogen peroxide. Strains in this group were also weakly or non-haemolytic (a, y), with the exception of NCTC 10713 (p), and serologically heterogeneous, with strains of Lancefield groups A, C and F as well as serologically ungroupable strains present. None of the 12 strains in homology group 3 produced hyaluronidase and most were assigned to 'S. milleri' biotype I1 in the API 20 STREP identification system, apart from two strains (KR 455 and KR 687) which fell into biotype 111.
Homology group 4 strains differed from the other groups by being unable to produce acetoin. All four strains in this group fermented lactose and melibiose; three fermented cellobiose and raffinose, and three produced hydrogen peroxide. No strains of homology group 4 produced hyaluronidase and all were a-haemolytic. These strains were serologically heterogeneous, with strains possessing Lancefield group antigens F and G as well as serologically ungroupable strains present. In the API 20 STREP identification system the strains in group 4 were assigned to S. sanguis biotype I1 (SS-895, SS-898, 2156-81) or to S. sunguis biotype 1/2 (strain 85-81) although, with the exception of strain 2156-81, the level of confidence for these identifications was less than 56%.
SDS-PA G E polypeptide pat terns
The polypeptide profiles of the test strains together with those from selected type strains of other viridans streptococcal species are shown in Fig. 1 . Strikingly similar polypeptide patterns were shared by strains of homology groups 1, 2 and 3. These were characterized by four dominant bands of approximate molecular masses 53.3,45.3,41-3 and 38.0 kDa. Considerable inter-strain heterogeneity was observed amongst the bands in the range 58.3-106.0 kDa, even between strains belonging to the same DNA homology group (Figs 1 and 2) . However, the band patterns of polypeptides in the lower size range of 25.5-34-0 kDa were less heterogeneous and fell into three main pattern types corresponding to the DNA homology groups (Fig. 2) .
Strains of homology group 4 gave polypeptide patterns that were clearly unrelated to those of DNA homology groups 1-3 (Fig. 1) . With the exception of a dominant 53.3 kDa band, which was present in virtually all streptococci examined here, there was little or no similarity between the patterns of the strains in homology group 4 and those of homology groups 1-3. Considerable heterogeneity within group 4 was also noted throughout the 29-106 kDa range resolved on the 7% gel (Fig. l) , despite the obvious close relationship between these strains as shown by DNA-DNA hybridization.
DISCUSSION
The data obtained from the DNA studies and SDS-PAGE gels demonstrate that strains resembling ' S . milleri' consist of three distinct, albeit closely related, groups. The inclusion of the type strains of S. constellatus, S . intermedius and S. anginosus in separate DNA homology groups confirms and extends the results of Kilpper-Balz et al. (1984) , who obtained DNA homology groups corresponding to S. anginosus and S . constellatus, with the type strain of S. intermedius (DSM 20573) remaining ungrouped. The formation of a fourth, more distantly related, genetic group by the variant strains of S . intermedius is in accord with the data obtained by Knight & Shlaes (1988) . Unfortunately these authors did not include reference strains of S. constellatus or S. anginosus in their study so it is not possible to equate any of the homology groups found by them with homology groups 1 and 3 of this study.
The conflicting data in the literature concerning the inclusion of strains resembling ' S . milleri' in a single homology group by some authors (Welborn et al., 1983; Farrow & Collins, 1984; Ezaki et al., 1986; Coykendall et al., 1987) and the demonstration of several distinct DNA homology groups by others (Kilpper-Balz et al., 1984; Knight & Shlaes, 1988) has most probably been due to the respective stringencies of the different methods employed. Such discrepancies have been recognized before (Bouvet & Grimont, 1986; Coykendall & Munzenmaier, 1978 and have been acknowledged as a likely cause for disagreement in previous studies on the 'S. milleri group' (Coykendall et al., 1987; Knight & Shlaes, 1988) . In addition, the fact that in some cases DNA-DNA hybridization studies have only been done on strains preselected on the
